Therefore, we recently switched to 2.5µm beads. To keep the lipid tosurface ratio constant, when preparing SUPER templates we use 4× more 2.5µm beads than 5µm beads. All other aspects of the protocol described below (Steps 8-15) are unchanged. Once SUPER templates have been generated, membrane fission leading to vesicle release can either be measured using a simple sedimentation assay or observed directly by fluorescence light microscopy due to the templates' large size. The sedimentation assay is fast and quantita tive, whereas the microscopybased assay enables researchers to observe membraneremodeling events, such as tubulation, vesicle release and individual fission events.
For sedimentation assays, dynamin is incubated at room temperature (20 °C) with SUPER templates in the presence of GTP. Vesicles released by dynamincatalyzed membrane fission during incubation will remain in the supernatant (Fig. 2a) and are separated from SUPER templates by centrifugation at low speed. The amount of fluorescent lipids in the supernatant relative to the total lipids associated with the beads is taken as a measurement of membrane fission efficiency, i.e., fission efficiency = (fluorescence intensity in supernatant)/(total fluorescence intensity). To prevent the release of vesicles by shearing of the reservoir, the templates are added very carefully to the top of the reaction mixture without further mixing ( Fig. 2b and Supplementary Video 2) . During the course of the experiment, the templates will settle loosely at the bottom of the reaction vessel and finally be pelleted via a lowspeed centrifugation.
In these assays, we use the following three controls:
(1) Template control, that is, SUPER templates alone with no added protein. This mixture is used to determine fluores cent lipid release due to mechanical shear or any remaining adsorbed liposomes. (2) Total control, that is, SUPER templates in 0.1% (vol/vol) Triton X100 in 20 mM HEPES, 150 mM KCl and 1 mM MgCl 2 . This solubilizes the total lipids on the SUPER templates and provides information on maximum possible vesicle release. (3) Blank control, that is, 100 µl of 1× buffer without SUPER templates. This mixture is used to determine background signal in fluorescence measurements.
For experiments with dynamin, we also include an incubation control that contains dynamin without GTP, which is used to confirm the fact that vesicle release requires dynamin's GTPase activity. Because of the size of SUPER templates, microscopybased assays enable visualization of vesicle release and membrane fission events by epifluorescence microscopy. To minimize potential photodamage to the proteins and lipids in the reaction mixture, this assay is performed in the presence of an oxygenscavenging system. In the assay described here, SUPER templates are added to-and allowed to settle in-a drop of buffercontaining GTP that has been deposited onto a BSAcoated (or PEGylated) coverslip (Fig. 3) . The subsequent addition of dynamin with a pipette leads to the formation of vesicles that can be observed as small fluores cent dots or punctae that appear next to the templates (Fig. 4 and  Supplementary Video 3) . We usually use an eightwell LabTek chamber for this assay and spread the templates evenly in the well by pipetting (Fig. 3b,c) . Once the templates have settled, the LabTek chamber is transferred to a microscope stage and dynamin is carefully added to one side of the chamber with a pipette (Fig. 3d) . For controls, either dynamin, GTP or both are left out of the reaction.
Owing to the high fluorescence of the beads, individual fission events are difficult to observe. Therefore, an alternative approach for visualizing fission makes use of membrane tethers generated from SUPER templates, which can serve as substrates for dynamin mediated membrane fission. These tethers are generated by gently rolling plain silica beads that are larger than those used to make the SUPER templates over a layer of SUPER templates to capture and pull out membrane tethers (Fig. 5a) . For this assay, SUPER templates are allowed to settle on a BSAcoated well of an eight well LabTek chamber (Fig. 3b,c) . Next, an aliquot of the above mentioned larger, untreated silica beads is added. Because of their size, these beads settle readily within the pipette tip (Fig. 5b) . The volume of the bead pellet within the pipette tip is deposited into one corner of the well. By gently tilting (and tapping) the Lab Tek chamber, the beads are rolled over the templates in a path that resembles a 'W' shape (Fig. 5c,d and Supplementary Video 4). During this procedure, the beads form clumps when rolled over SUPER templates. To prevent the disruption of already formed tethers, it is important not to tilt the chamber too many times. Once the tethers are formed, the LabTek chamber is transferred to a microscope stage and dynamin is carefully added to one side of the well (Fig. 3d) . Once again, incubation mixtures missing either dynamin, GTP or both serve as controls.
Comparison with other methods CME in vivo requires the major coat proteins clathrin and AP2 adaptors, dynaminmediated membrane fission and numerous endocytic accessory factors 11 . Clathrincoated vesicle formation and the selective uptake of cargo molecules has been reconstituted in biological membranes, such as perforated cells 12 or purified plasma membrane sheets 13 , by using crude cytosol preparations. However, complete reconstitution of clathrincoated vesicle forma tion, including cargo capture, with purified components remains an elusive goal, owing to its complexity.
Multiple aspects of clathrincoated vesicle formation, including coat assembly, curvature generation and fission, have been recon stituted with purified protein components using liposomes 14, 15 or lipid monolayers 16 as substrates. In particular, liposomebased assays in combination with electron microscopy have provided insight into the structural mechanisms of membrane deforma tion and remodeling by dynamin [17] [18] [19] and other endocytic proteins containing BAR 14, [20] [21] [22] or epsin Nterminal homology (ENTH)/ AP180 Nterminal homology (ANTH) 23 domains. However, these approaches are typically endpoint assays that require application of samples to electron microscopy grids. Timeresolved cryoelectron microscopy experiments have provided evidence that fission events in these liposomebased assay systems occur only as a result of mechanical stress during sample preparation 19 . Membrane sheets and tethers pulled from giant unilamellar vesicles have been used to overcome the limitations of electron microscopy and to develop dynamic, light microscopy-based assays for dynaminmediated curvature generation and membrane fission 24, 25 . However, these assays often require specialized equipment 24, 26 , and the efficiency of fission events in these assays is not readily quantifiable. Thus, the development of facile and quantitative assays for vesicle formation and membrane fission from model lipid bilayers has been a limita tion to the reconstitution of clathrincoated vesicle formation.
Proteinmediated membrane fusion is readily detected by content or lipid mixing of two separately prepared liposome substrates 27 and can be visualized by fluorescence microscopy as fluorescently labeled liposomes fuse with conventional supported bilayers formed on coverslips 28 . By contrast, it is difficult to unambiguously distinguish released vesicles from their liposome donors without resorting to electron microscopy, which is often a timeconsuming approach and does not allow the easy quantification of the effi ciency of vesicle release. Supported bilayers have not proven to be suitable for studying membrane fission owing to the lack of a membrane reservoir, which is essential for the reconstitution of budding events. SUPER templates can overcome this deficit and 
Limitations
Although SUPER templates are easy to prepare, their lowtension membrane reservoir is subject to shedding under conditions of high mechanical stress. Therefore, it is crucial to handle the templates gently with minimal pipetting and mixing in order to avoid membrane shearing. Because of this limitation, the number of samples that can be handled at a time (for example, during sedimentation assays) is limited. The integrity of the reservoir is also dependent on temperature. SUPER templates are not stable at 4 °C; therefore, they must be prepared before each experi ment. This need to prepare fresh SUPER templates before use might result in an increased experimenttoexperiment vari ability, and thus it is important to include positive and negative controls in each experiment. Other potential sources of experi mental variations are batchtobatch differences in protein and liposome preparations.
The templates are also subject to extraction of lipids by means other than vesiculation. For example, we attempted to reconstitute CME using rat brain cytosol, but found that the proteinmediated extraction of lipids from the templates was not dependent on the addition of nucleotides or Mg 2 + and occurred independently of the presence of dynamin1 (S.N., unpublished observations). Furthermore, the extracted lipids did not seem to be present in small vesicles, as determined by fluorescence microscopy. Future approaches should use purified components or other sources of complex protein mixtures. Indeed, lipids were not extracted by purified coat proteins, although these preparations did not stim ulate dynamin1-dependent vesicle release (S.N., unpublished observations). Again, these observations reflect the necessity for proper controls when measuring the fluorescence in the superna tant. To confirm the validity of the results, we suggest imaging the released vesicles by fluorescence microscopy (Fig. 4b) .
Finally, although the microscopybased assays are useful for visually confirming membrane remodeling, vesicle release and fission from SUPER templates, they are illsuited to the quantifi cation of reaction efficiency. Thus, a major advantage of SUPER templates is that they can be used in parallel to microscopybased realtime imaging assays in order to perform quantitative sedi mentation assays that measure proteinmembrane interactions or vesicle release. 
EQUIPMENT SETUP Imaging setup
We use a neutral density filter to regulate the intensity of our light source in order to avoid photoinduced damage of dynamin. In our imaging setup, we use a setting of 50 on a scale up to 150. This setting will vary from light source to light source and must be individually determined.
•
proceDure preparation of liposomes • tIMInG 2 h  crItIcal All steps must be performed in low-adhesion tubes or, preferably, silconized tubes in order to prevent nonspecific binding of proteins and lipids. 1| Aliquot the appropriate amount of lipids from a chloroform stock into a disposable 12 mm × 75 mm borosilicate glass tube using a 10-µl or 25-µl Hamilton syringe, which must be washed with chloroform between uses. Prepare in this way a 200-µl lipid solution with a total lipid concentration of 1 mM. For dynamin-catalyzed fission, we use a lipid composition of DOPC:DOPS:PI(4,5)P 2 :RhPE = 79:15:5:1% (mol/mol), although other liposome compositions also work 10 . Note that the conditions for SUPER template formation may have to be optimized for other lipid compositions, and that RhPE can be replaced by other fluorescent lipid probes.  crItIcal step For the efficient formation of excess membrane reservoir, the liposome mixture must contain at least 9% (mol/mol) of DOPS 10 .
2|
Dry the lipids by placing the tube in a 40 °C water bath under a gentle stream of nitrogen so that a dried lipid film is formed at the bottom of the tube.
3|
Dry the lipids further under vacuum in a SpeedVac for 30 min at a high heat setting. Although trace solvents may remain after this step, given the small volumes and high temperature used, this approach has proven to be satisfactory for our purposes. To ensure complete solvent removal, drying under higher vacuum (<1,000 mTorr) would be required.
4|
Add Milli-Q water to the lipid film to a final concentration of 1 mM. Let the dried lipids swell into the water layer for 30 min at 37 °C.
5| Transfer the resuspended liposomes from
Step 4 into a 15-ml Falcon tube. Freeze the liposome solution in liquid nitrogen and thaw it subsequently in a 37 °C water bath. Repeat this step two more times.
6|
Prepare 100-nm extruded liposomes using an Avanti mini extruder. Pass the liposome solution 21 times through a 100-nm Nuclepore polycarbonate membrane. Instructions for the use of a mini extruder can be found at the Avanti website (http://www.avantilipids.com/index.php?option=com_content&view=article&id=185&Itemid=193).
7|
Transfer liposomes to a low-adhesion or siliconized microcentrifuge tube.  pause poInt This is a 5× liposome stock used to prepare SUPER templates. Liposomes can be stored at 4 °C and can be used for up to 2 weeks.
preparation of super templates • tIMInG 1 h 8| Prepare a 1:100 (vol/vol) dilution of the bead solution and apply ~15 µl to a Neubauer counting chamber. Count the number of beads in 16 squares of the counting chamber. The total concentration of beads can be calculated as follows: c (beads per ml) = number of counted beads × 10 4 × 100 (dilution factor).  crItIcal step Silica beads are usually shipped at a concentration of 5 × 10 8 beads per ml. However, because of lot-to-lot variability, it is important to determine the exact density of the 5-µm plain silica bead suspension using a Neubauer counting chamber. To keep protein-to-membrane ratios similar in subsequent assays, it may be advisable to keep the surface area constant (i.e., use 4× more 2.5-µm beads than 5-µm beads, see Experimental design).
10|
Incubate the beads for 30 min at room temperature with intermittent mixing, which can be achieved by flicking the tube gently.
11| Add 1 ml of Milli-Q water to wash off excess unbound liposomes.
12|
Gently vortex the tube at a low speed (just enough to dislodge the beads; we use setting 4 on a 1-8 scale) and spin it in a swinging bucket rotor at 260g for 2 min at room temperature in a benchtop, low-speed centrifuge.  crItIcal step Ensure that the vortexing is gentle and done at low speed in order to avoid shear stress, which could lead to shedding of the membrane reservoir.
13| Remove 1 ml of the supernatant.
14|
Repeat washing (Steps 11-13) three more times.
15| Remove 1 ml of the supernatant. Flick the tubes to gently resuspend the templates in the remaining 100 µl until use. This is the 10× stock mixture of SUPER templates to be used in the sedimentation assay. Templates are typically used within 2-4 h, but they must be used within 6 h. For a quality check of templates, one can estimate the total lipid in this mix by solubilizing a 10-µl aliquot of the SUPER template stock mixture in 0.1% (vol/vol) Triton X-100 and determining the amount of membrane. To this end, prepare a standard curve of liposomes, from the stock generated in Steps 1-6, ranging between 0 and 20 µM liposomes in 0.1% (vol/vol) Triton X-100; plot the fluorescence against the concentration. Lipid concentration in a 10-µl aliquot of SUPER templates is typically ~6 µM.
? trouBlesHootInG 16| (Optional) Perform a quality check for the amount and fluidity of the deposited reservoir by depositing SUPER templates on a clean uncoated coverslip and visualizing the templates by epifluorescence microscopy. The membrane reservoir should 'spill out' onto the glass surface (supplementary Video 1). Although this step is optional, it is highly recommended for first preparations.
Measurement or visualization of vesicle release 17|
Measure (option A) or visualize (options B and C) vesicle release according to the following procedures. As described above, the sedimentation assay (option A) enables quantitative assessment of the efficiency and kinetics of vesicle release, and the microscopy-based assays (options B and C) allow for direct real-time visualization of vesicle release from the SUPER templates (option B) or of individual membrane fission events (option C). Note that the assay described in option B can also ? trouBlesHootInG Troubleshooting advice can be found in table 1.
• tIMInG Steps 1-7, preparation of liposomes: 2 h Steps 8-16, preparation of SUPER templates: 1 h
Step 17A, sedimentation assay to measure vesicle release: 45 min
Step 17B, real-time visualization of vesicle release from SUPER templates: 30 min
Step 17C, real-time visualization of membrane fission events on pulled tethers: 30 min antIcIpateD results An example of a sedimentation fission assay is shown in Figure 4a . As can be seen, fission depends on the presence of GTP in the reaction mixture. Fission efficiency should also be dependent on dynamin-1 concentration in the 0.1-0.5-µM range. Typical fission efficiency for 0.5 µM dynamin-1 is such that, after subtracting background fluorescence, the fluorescence intensity measured in the supernatant should be ~25-30% of the total fluorescence (Fig. 4a) . Given RhPE fluorescence, the released vesicles can also be directly visualized by fluorescence microscopy. Figure 4b shows a fluorescence micrograph of released vesicles. Figure 4c shows the release of vesicles over time from SUPER templates monitored by fluorescence microscopy. The first image was recorded before the addition of dynamin to the reaction mixture, and the second image was recorded 2.5 min after this addition (supplementary Video 3).
SUPER templates also have sufficiently large membrane reservoirs so that membrane tethers can be obtained. Figure 6 shows the fission of such preformed membrane tethers as mediated by dynamin-1 (supplementary Video 5). Individual fission events that sever the tubes are detected by time-lapse fluorescence microscopic images recorded before and after the addition of dynamin-1 to the reaction mixture. 
